In cognitive heterogeneous networks, when multiple adjacent femtocells are deployed, uncontrolled transmission power can lead to severe mutual interference. In order to reduce interference while satisfying capacity requirements, we propose a power management scheme for an adjacent femtocell network. Firstly, we build an interference model for adjacent femtocells, in which distance-dependent interference to terminals within the whole femtocell coverage area is considered. Then, we calculate the total capacity of adjacent femtocells based on the mutual interference and formulate a non-convex optimization problem to maximize the capacity under the transmission power constraints. To solve the non-convex problem, we divide it into two convex subproblems and solve them with the Lagrange dual theory and linear programming method. Finally, we derive the closed-form expression of the optimal power configuration to maximize capacity while minimizing energy consumption simultaneously. The simulation results indicate that the proposed power scheme demonstrates obvious improvement in terms of capacity and power economization, compared with the maximal power configuration method.
Introduction
Recently, with the development of radio access technologies and mobile internet applications, the demand for mobile data services increases explosively [1] . Latest surveys show that more than 80 % of mobile traffic is originated at home or work [2] . Therefore, traditional cellular networks are confronted with the challenge of enhancing the coverage and improving the capacity of indoor and hotspot areas. In allusion to this challenge, femtocell networks which offer better quality of experience (QoE) for indoor and hotspot users [3] are being considered as a promising technique to enhance the performance of cellular networks.
When multitudes of femtocells coexist, severe interference may arise between adjacent femtocells if the transmission power is uncontrolled. Currently, a lot of research efforts are focused on the power control and interference elimination issues in heterogeneous femtocell networks.
Most of these researches establish a heterogeneous network structure model, analyze interference between different cells, and optimize power configuration under interference and maximal transmission constraints. The authors in [4] [5] [6] construct a heterogeneous network with one macro cell and multiple small cells. The small cells utilize the licensed spectrum of the macro cell through cognitive radio with the overlay style. The authors in [7, 8] build an interference model for a hierarchical heterogeneous network and optimize the time frequency resource allocation. The proposed interference model considers the interference of the licensed network to the second-and third-level networks, as well as the interference between the second-and third-level networks. The authors in [8, 9] aim to maximize the capacity of the cognitive network, considering the interference constraint of the licensed network and transmission power constraint of the cognitive network. The authors in [3] propose a resource allocation scheme for cognitive femtocells considering sub-channel occupation fairness, co-tier and cross-tier interference mitigation, and spectrum-sensing errors.
The main problems of the aforementioned researches are as follows: (1) Most literatures use the same approach in the analysis of the interference between femtocells, which seldom consider the distribution range and relative locations of femtocells. Therefore, few of them manage to analyze the interference and power control policy for adjacent femtocells, where severe interferences arise more frequently. (2) Few of the existing literatures discuss about the effect of user distribution and density upon network capacity, which is worthy of being considered in the process of power control for enhancing the network capacity. ( 3) The present interference model of a heterogeneous network is complex mainly due to the reason that all the femtocells are treated together rather than separately. As a result, the power optimization problem demands high computational complexity, and it is also hard to achieve a closed-form solution. What is worse, some researches [7] [8] [9] [10] assume fixed channel gains from transmitters to receivers in spite of their positions. Obviously, this is against the common sense that channel gain varies with transmission distance. Therefore, building a distance-dependent interference model is a more rational option.
To reduce the interference between adjacent femtocells and enhance their sum capacity simultaneously, we propose a specialized power management scheme in this paper. In the scheme, we consider the distance-dependent variation of channel gain in the analysis of network interference and sum capacity. To maximize the sum capacity, a non-convex power optimization problem is formulated and a two-step solution is provided accordingly. The solution divides the original non-convex problem into two convex problems and solves them by the Lagrange dual theory and the linear programming theory. The main contributions of this paper are summarized as follows:
1. We propose an interference model considering a distance-dependent channel gain for adjacent femtocells. 2. When computing the sum capacity of femtocells, we take into account the user density for each femtocell and the signal to noise ratio (SNR) of users distributed in the whole coverage area of the femtocells. 3) We derive a closed-form expression of an optimal power configuration scheme for adjacent femtocells, which can maximize their sum capacity while satisfying respective capacity requirement and minimizing the total energy consumption.
The rest of this paper is organized as follows. In Section 2, we construct the system model including a two-level heterogeneous network and multiple adjacent femtocells. In Section 3, we build the distance-dependent interference model and formulate the problem of network capacity optimization. We also provide a two-step method for solving the problem and summarize the detailed algorithm for optimal power configuration. Simulation results for performance analysis and validation are given in Section 4, followed by the conclusion in Section 5.
System model
Similar to [1, 6, [11] [12] [13] , we consider a two-level heterogeneous cognitive network as shown in Fig. 1 . The macro cell is at the first level, which occupies the licensed frequency. Multiple femtocells compose the second-level network, which adopt cognitive radio to sense the licensed frequency and find idle frequency to utilize.
The femtocell is deployed to cover the hot spots of a licensed network so as to enhance the communication quality of service (QoS) of a hot spot area [14, 15] . In a dense femtocell-deployed network, severe interference may exist between adjacent femtocells. Therefore, we construct the network model with two adjacent femtocells to analyze their mutual interference. As shown in Fig. 2 , two femtocells named Femtocell 1 and Femtocell 2 cover two circles with the radius of R 1 and R 2 , respectively. Their base stations are both located in the center of the coverage area. The distance between the base stations of Femtocell 1 and Femtocell 2 is denoted by D. According to [16] , the interference gain varies with the distance from the user position to the femtocell base station. Without loss of generality, we randomly choose one point to analyze its received interference. The details will be provided later in Section 3. In Fig. 2 , we assume dot A 1 is the randomly chosen point, and we define L 1 to denote the distance from A 1 to the center point of Femtocell 1 and define L 2 to denote the distance from A 1 to the base station of Femtocell 2. The angle between L 1 and D is denoted by θ. In Section 3, we will discuss the power configuration strategy between the two adjacent femtocells based on the model as shown in Fig. 2. 
Power configuration strategy
In this section, we carry out a thorough analysis of the interference and capacity of adjacent femtocells and propose a detailed power management strategy to maximize the sum capacity while minimizing the power consumption.
Interference and capacity analysis
For wireless communication, the channel gain varies with the distance between transmitter and receiver. The larger the distance, the smaller the channel gain becomes. Hence, in femtocell networks, the channel gain changes with the distance between the current user and the base station of the adjacent femtocell. Assume that the transmission power of Femtocell 1 and Femtocell 2, as shown in Fig. 2 , is denoted by P 1 and P 2 , respectively. Let P 1,A 1 According to the literature [16] , P 1,A 1 and P 2,A 1 can be expressed as the following, i.e.,
In Eqs. (1) and (2), H 1 and H 2 are random variables capturing the small-scale fading value of the radio link from the base station of Femtocell 1 and Femtocell 2, respectively [16] . C 1 and C 2 indicate the path loss constant of Femtocell 1 and Femtocell 2, respectively. α 1 and α 2 indicate the distance-related path loss exponent of Femtocell 1 and Femtocell 2, respectively.
Assume that the channel Gauss white noise power is σ 2 and the total interference received in dot A 1 is I 1,A 1 . Since the total interference includes received power from the base station of Femtocell 2 and Gauss white noise power, I 1,A 1 can be expressed as
The SNR at dot A 1 is defined as the ratio of the power received from the base station of Femtocell 1 to the total interference including received power from Femtocell 2 and Gauss white noise power. Therefore, expression (4) can be used to compute SNR 1 which denotes the SNR at dot A 1 ,
The network capacity is defined as the summation of the communication rate of the terminals distributing within the coverage area. For simplicity, we compute the capacity of Femtocell 1 by the integral of the product of the user density and SNR in random position over the whole covering area of Femtocell 1. We define Cap 1 indicating the capacity of Femtocell 1, which is expressed by
where ρ 1 denotes the user distribution density of Femtocell 1. From Fig. 2 , Eq. (6) can be obtained:
Next, Eq. (7) can be deduced from Eqs. (5) and (6) . Similarly, we define Cap 2 to indicate the capacity of Femtocell 2 and ρ 2 to denote the user distribution density of Femtocell 2. And the same deduction method can be applied for the expression of Cap 2 , as shown in Eq. (8) .
Finally, the sum capacity of Femtocell 1 and Femtocell 2 can be expressed by
where C tot refers to the sum capacity.
Network capacity optimization
In a cell centered with the base station, the transmission power is always expected to be as large as possible so as to obtain high capacity. However, in femtocell networks, large transmission power can bring severe interference to adjacent femtocells and reduce their capacity consequently. Therefore, we need to obtain the trade-off between the femtocell capacity and the interference to its adjacent femtocell, so as to maximize the sum network capacity. According to Eq. (9), femtocell capacity as follows:
Cap 1 + Cap 2 (10) subject to
Cap 2 ≥ Th 2 (12)
In Eqs. (11) and (12), Th 1 and Th 2 denote the minimal capacity requirements of Femtocell 1 and Femtocell 2, respectively. In Eqs. (13) and (14), P LT1 and P LT2 denote the maximal permitted transmission power of Femtocell 1 and Femtocell 2, respectively. In Eq. (15), h 1p and h 2p denote the interference gain to licensed network from Femtocell 1 and Femtocell 2, respectively, and I p denotes the maximal interference power constraint to licensed network.
Solution to optimization problem
The formulated optimization problem contains a complex integral expression in the objective and constraint conditions. Therefore, it is difficult to solve it with the normal method for convex optimization problems. Herein, we adopt a two-step method to solve it. First, we transform Eq. (10) to a convex problem by changing the optimized variable and ignoring some constraints and solve it by the Lagrange dual method. Second, we re-consider the constraints ignored in the first step and formulate a linear programming problem to obtain the final solution for P 1 and P 2 based on the results in the first step.
Step 1: Since Femtocell 1 and Femtocell 2 are adjacent, the interference from the adjacent femtocell is much more severe than the Gauss white noise power. Therefore, the Gauss white noise power can be ignored in the interference computation. Thus, Eqs. (7) and (8) are changed to Eqs. (16) and (17):
For simplicity, we define Co 1 and Co 2 as Eqs. (18) and (19) to substitute the corresponding parts in Eqs. (16) and (17):
Then, Eqs. (16) and (17) 
Then, Eqs. (10), (11), and (12) are changed to Eqs. (24) to (24):
subject to
At this stage, we do not consider the constraints (13) to (15) 
The problem (25) is a convex optimization problem with linear constraints. Therefore, we can adopt the Lagrange dual method to solve it. The solving process is shown in Appendix 1, where the optimal solution Pr o for Pr variable is achieved.
Step 2: At this stage, we will obtain the final optimal value for P 1 and P 2 based on the value of Pr o achieved in step 1. From the point of energy saving, we aim to minimize the power consumption summation in the final solution of P 1 and P 2 . Then, the problem required to be solved at this stage can be formulated as Eq. (28) with constraints (29) to (34).
(31)
Constraints (30) and (31) mean that with both consideration of the adjacent femtocell interference and Gauss white noise, the capacity of Femtocell 1 and Femtocell 2 needs to exceed to the respective minimal capacity requirements. Constraints (32) to (34) limit the maximal permitted value for P 1 and P 2 . But we cannot obtain the lower limitation of P 1 and P 2 directly from Eqs. (32) to (34). However, the transmit power of the base station must be large enough to meet the capacity requirements of the cell. Hence, we analyze the variation relation between P 1 and P 2 according to Eqs. (30) and (31) so as to obtain lower limits of P 1 and P 2 , which leads to Theorem 1. Theorem 1. By adhering to the solution of problem (25), i.e., the ratio of P 1 and P 2 keeps at a specific value of Pr o , we can conclude that the following two constraints are equivalent to constraints (30) and (31), respectively.
where M 0 is a relatively large value which makes the noise part in the denominator of Eqs. (30) and (31) ignorable.
Proof. Before going to the detailed proof, we would like to introduce a common skill in mathematics. Define two real variables X and Y and a relatively large value of M. If X ≥ MY is satisfied, we say that Y is small enough to be ignored in the expression of X + Y . Then, it is sufficient to prove that we can find a value of M 0 which makes the noise part in the denominator of Eqs. (30) and (31) ignorable.
Let us take the deduction of the lower limit of P 2 as example and analyze the relative variation process of P 1 and P 2 in detail. Firstly, we assume that the transmission power P 2 is equal to zero. Then, constraint (30) is changed to Eq. (37), which indicates that the transmission power of Femtocell 1 only needs to resist the interference of Gauss white noise power to meet the capacity requirement of Th 1 ,i.e.,
We define P LT1 to indicate the minimal P 1 value, which makes the capacity requirement Th 1 satisfied when the transmission power of Femtocell 2 is zero. Then, Eq. (38) is obtained, and it can be concluded that P 1 ≥ P LT1 is always satisfied.
Secondly, we consider the scenario that P 2 increases from zero. When P 2 starts to be larger than zero, P 1 needs to be larger than P LT1 and changes to Pr o P 2 in order to satisfy constraint (29). Then, since Eq. (29) is the solution of problem (22) according to step 1, it can be concluded that Eq. (29) can make Eq. (23) satisfied, which means that Th 1 is attained. But in problem (22), Gauss white noise power is ignored, whereas in Eq. (30) the interference of Gauss white noise power is considered; therefore, P 1 must be larger than Pr o P 2 to make Eq. (30) satisfied. Then, we define P 1 indicating the new value of P 1 which is larger than Pr o P 2 to make Eq. (30) satisfied. Consequently, as Eq. (31) must be satisfied for the solution of Eq. (28), P 2 will increase with P 1 to P 2 , which make P 1 = Pr o P 2 exist. Repeatedly, P 1 will increase again because of the consideration of Gauss white noise power and P 2 will increase accordingly by the constraint (29). The process will be repeated until P 2 is large enough to make σ 2 insignificant. Then, constraint (30) becomes in accordance with Eq. (23), and Eq. (29) can make Eq. (30) satisfied.
From Eq. (2) and Fig. 2 , it can be seen that when L 2 equals to D + R 1 , the P 2 interference to Femtocell 1 arrives at the smallest value of the Femtocell 1 coverage area. If the smallest P 2 interference to Femtocell 1 is large enough to make σ 2 insignificant, we can ignore σ 2 in all the coverage areas of Femtocell 1. Well then, according to Eqs. (3) and (4), it can be concluded that when Eq. (39) is satisfied we can ignore the interference of σ 2 for all coverage of Femtocell 1.
Since, when σ 2 is ignored, constraint (29) (35) is proved, which gives the lower limit of P 2 . The process described above is shown in Fig. 3 .
A similar process can be applied to obtain the P 1 lower limit, and Eq. (36) can be proved.
By Theorem 1 usage, the optimization problem (28) is transformed into a convex linear programming problem. The solution process is shown in Appendix 2, in which we obtain the final solution for P 1 and P 2 .
Detailed procedure of algorithm
The whole process of obtaining the final value of P 1 and P 2 is illustrated in Algorithm 1. Firstly, we obtain the Pr o value of the problem (25) solution according to step 1 in Section 3.3. Then, for step 2, according to the proof of Theorem 1, we perform two iterative processes to obtain 
Pr o ← 
Update P 1,t1 by Cap 1 = Th 1 9:
Update P 2,t1 by P 2,t1 =
Pr o 10: end while 11: P 1,t2 ← P 2,t2 Pr o 12:
Update P 2,t2 by Cap 2 = Th 2
14:
Update P 1,t2 by P 1,t2 = P 2,t2 Pr o 15: end while 16 : P 1 ← max(P 1,t1 , P 1,t2 ) 17: P 2 ← max(P 2,t1 , P 2,t2 ) two groups of P 1 and P 2 values, which satisfy the lowest constraints of P 1 and P 2 , respectively. The two group values are denoted by P 1,t1 and P 2,t1 and P 1,t2 and P 2,t2 , respectively. Lastly, since the lowest constraints of P 1 and P 2 need to be satisfied simultaneously, we choose the maximal values of the two groups as the final result for P 1 and P 2 .
Simulation results
In this section, we validate the performance of the proposed power management scheme for adjacent femtocells by Monte Carlo simulations. We build a two-layer heterogeneous network with one macro cell and two adjacent femtocells as shown in Figs. 1 and 2 . We consider twoband usage (800 MHz and 2.5 GHz) as in [15] . The simulation parameters and their numerical values are summarized in Table 1 .
Analysis of influence of P 1 and P 2 variation upon capacity
We validate the influence of P 1 and P 2 variation upon the sum capacity computed by (9 both groups of setting. Figures 4 and 5 shows the capacity changes with P 1 and P 2 variation corresponding to the two groups of setting. From the two figures it can be seen that in the middle part the capacity value is lower and in the edge part the capacity value is higher. In other words the variation trend can be summarized as the sum capacity increases with the difference value of P 1 and P 2 enlarging. This can be explained by (22), in which the value of
decides the value of the sum capacity. When
reaches some value, the sum capacity curve will attain the lowest position. Then from the lowest position, with the P 1 P 2 value variation the capacity value will increase. In Fig. 4 since the configuration of Femtocell 1 and Femtocell 2 are identical, the capacity variation presents a symmetrical trend with P 1 and P 2 variation. For Fig. 5 since the user density ρ 2 is larger than ρ 1 , the P 2 influence to capacity is greater than P 1 . Therefore the sum capacity increases with P 2 increasing more obviously.
Capacity performance analysis of proposed method
We validate the capacity performance of the proposed power management strategy by comparing with other methods. We set R 2 as 0.5 km and [ρ 1 , ρ 2 ] as [100,100]. We compare the proposed power configuration with the maximal power setting method, in which for Femtocell 1 and Femtocell 2 the transmission power are both set to the maximal limitation. In other words, in maximal power setting method, P 1 and P 2 are set to P LT1 and P LT2 , respectively. Figures 6 and 7 compare the sum capacity of the proposed method with maximal power setting method in 800-MHz usage and 2.5-GHz usage, respectively. From the two figures, it can be seen that the sum capacity increases with the R 1 value. This is for the reason that when P LT 1 and P LT 2 are fixed, the network capacity will increase with the coverage area. Moreover, from the two figures, we can see that the proposed method has obvious enhancement in capacity performance compared to the maximal power setting method. This is because we choose the reasonable power configuration to maximize the sum capacity, whereas the compared method simply sets each power to the maximal limitation. 
Energy performance analysis of proposed method
The energy consumption has been one of the main concerns in the current researches of wireless communication system. In the proposed power management method, besides the network capacity maximization, we look into energy consumption minimization in problem (26). Therefore, we validate the power consumption performance of the proposed method by comparing it with the maximal power setting method as shown in Fig. 8 . For  Fig. 8 , we set R 2 as 0.5 km and [ρ 1 , ρ 2 ] as [100,100]. In Fig. 8 , we take into account 800-MHz and 2-GHz usage. It is shown that in the proposed method the power consumption increases with the R 1 value. This is because, for power consumption minimization, P 1 and P 2 will be set to the lower limit as far as possible, and we obtain the lower limit by Eqs. (35) and (36), which increase as R 1 and R 2 increase. Therefore, when R 2 is fixed, the sum power increases with R 1 variation until it becomes infinitely close to the upper limit.
Conclusions
We propose a two-stage power configuration scheme for adjacent femtocells in cognitive heterogeneous network in this paper. In the first stage, by jointly considering the distance-dependent interference, user distribution, and user performance in terms of SNR, we manage to derive an expression for sum capacity of femtocells. Subsequently, we formulate the problem of maximizing sum capacity while satisfying the minimum capacity requirements for each femtocell. The solution for this problem indicates that maximum sum capacity can be achieved as long as the ratio between the transmission power of two adjacent femtocells keeps at some specific value. Then, in the second stage, we further formulate a new problem of minimizing power consumption while adhering to the solution in the first stage. Optimal power setting for each femtocell is derived in this stage. Extensive simulations show that the proposed scheme brings significant enhancement in terms of network capacity and energy conservation. In the future, we plan to extend our research to the scenario of multiple adjacent femtocells.
Appendix 1
Proof. For problem (25), we define the Lagrange dual function as Eq. (40) 
